INTRODUCTION
============

Esterases (EC 3.1.1.x) are hydrolases that catalyze the cleavage of the ester bond, and they are widely distributed in all living organisms, Bacteria, Archaea, and Eukarya [@B001]. These ester hydrolases include two major groups: carboxylesterases (EC 3.1.1.1), which hydrolyze carboxyl esters with short chains (\< 10 carbon atoms), and lipases (EC 3.1.1.3), which hydrolyze acylglycerols with long chains (≥ 10 carbon atoms) [@B002].

Bacterial esterases are classified into 14 families (I to XIV) mainly based on the comparison of their amino acid sequences and some fundamental biological properties [@B003], [@B004]. Among these families, archaeal esterases are known to be grouped into only two families, IV and V. Most archaeal esterases belong to family IV, which show high amino acid similarity to the mammalian hormone-sensitive lipase (HSL) family [@B005]. Esterases belonging to the α/β hydrolase superfamily are known to contain a typical catalytic triad consisting of Ser, Asp, and His residues and a conserved pentapeptide, Gly-x-Ser-x-Gly (where x is any amino acid residue), containing the serine residue of the catalytic triad [@B002], [@B006], [@B007]. Recently, the number of structural studies of esterases has increased remarkably with the analysis of their gene sequences and crystal structures together with active studies of their genomes. However, as compared to the large numbers of crystal structures of bacterial esterases, only a few crystal structures of esterases from archaea such as *Archaeoglobus fulgidus* [@B008], hot springs in Indonesia [@B009], *Pyrobaculum calidifontis* VA1 [@B010], and *Sulfolobus tokodaii* [@B011] were known until now.

Esterases have attracted enormous attention because of their industrial applications in detergents, food, dairy, diagnostics, and biotransformation (12). Most esterases used in industry are bacterial enzymes. However, their use in industrial processes has many restrictions at high temperatures or in the presence of various chemicals like organic solvents. Hence, esterases from hyperthermophilic archaea dwelling in extremely harsh conditions are good candidates in industrial applications.

*Sulfolobus solfataricus* P1 (DSM1616) used in this study is a hyperthermophile belonging to the thermoacidophilic archaeon, that inhabits sulfur rich volcanic hot springs in a high-temperature (\>75℃) and low-pH (\< pH 4) environment [@B013]. We reported in previous paper that a new carboxylesterase from this archaeon *S. solfataricus* P1 (SsoP1Est) was purified and several biochemical properties of the enzyme were characterized, and then, its gene was identified and expressed stably in *E. coli* [@B014]. Particularly, in this paper, we suggested the following from the examination of the amino acids presumed to be involved in the catalytic mechanism of the enzyme by a chemical modification study and sequence alignment with homologous esterases. First, Ser, His, and Cys residues may be related to the catalytic activity of the enzyme, as modifications of the enzyme with Ser-specific inhibitors \[phenylmethylsulfonyl fluoride (PMSF) and diisopropylfluorophosphate (DFP)\], a His-specific inhibitor \[diethyl pyrocarbonate (DPC)\], and Cys-specific inhibitors \[HgCl2 and *p*-chloromercuribenzoate (PCMB)\], inactivated the enzyme. Second, the SsoP1Est belongs to the HSL family exhibiting a classic α/β hydrolase fold by sequence alignment with homologous esterases, which were well characterized in the structure. Thus, it contains a typical catalytic triad of esterases, which is expected to be composed of Ser151, Asp244, and His274, and another typical oxyanion hole, which is presumed to be composed of Gly80, Gly81, and Ala152.

Hence, to clarify the roles of these amino acids expected to be related to the catalytic process of the SsoP1Est reported in the previous paper, we constructed the mutant enzymes by site-directed mutagenesis, examined the catalytic activity of these mutant enzymes, and suggested their roles using the homology modeling method and fluorescence analysis.

RESULTS AND DISCUSSION
======================

Identification of mutant plasmids and purification of native and mutant SsoP1Ests
---------------------------------------------------------------------------------

The correct mutations of the mutant plasmids containing the SsoP1Est gene mutated at the desired positions, as shown in Table S1 in the Supplemental data, were identified by DNA sequencing (data not shown).

The native SsoP1Est used as the control was expressed in *E. coli*, and the expressed enzyme was purified 19.35-fold with a yield of 40% to apparent homogeneity from cell extracts. The apparent homogeneity of the purified native and mutant enzymes were confirmed on SDS-polyacrylamide gel, and the molecular mass of the purified native and mutant enzymes was all the same, approximately 34 kDa, as that of the recombinant SsoP1Est as described previously [@B014] (data not shown).

Catalytic activity of mutant SsoP1Ests
--------------------------------------

In previous studies, the residues Ser151, Asp244, and His274 were tentatively identified as the catalytic triad of the native SsoP1Est by chemical modification experiments using chemical inhibitors for specific amino acids and sequence alignment with homologous esterases [@B007]-[@B011], [@B014]. Based on these findings, in the present investigation we have produced the mutants Ser151Ala, Asp244Asn, and His274Asn. The activity of the purified mutant carboxylesterases was measured. The native carboxylesterase, SsoP1Est, was used as a control. As expected, the mutation of these three amino acids almost completely inactivated the enzymes ([Table 1](#T001){ref-type="table"}). These results indicate that each of the three amino acids is crucial to the enzymatic catalysis and that the catalytic triad in the SsoP1Est consists of the residues Ser151, Asp244, and His274. These results that Ser, Asp, and His are crucial to the catalysis of the enzyme were the same as those from other esterases in our previous studies using site-directed mutagenesis [@B015], [@B016].

###### Specific activities of mutant carboxylesterases by each substitution of amino acid residues

  ------------------ ----------------- -----------------------
  Carboxylesterase   Sp. act. (U/mg)   Relative activity (%)
                                       
  Wild type          167.00            100
  Ser151Ala          0.07              0.04
  Asp244Asn          2.59              1.55
  His274Asn          0.90              0.54
  Gly80Glu           23.54             14.09
  Gly81Glu           28.28             16.94
  Ala152Phe          21.42             12.83
  Cys94Ser           19.87             11.90
  Cys101Ser          52.68             31.55
  Cys103Ser          29.98             17.95
  Cys184Ser          28.28             16.93
  ------------------ ----------------- -----------------------

In addition, to confirm whether Gly80, Gly81, and Ala152, as expected from sequence alignment with other homologous esterases showing high sequence identities ([Fig. 1](#F001){ref-type="fig"}) and as well characterized in previous studies [@B014], are the amino acids that make up the oxyanion hole stabilizing a short-lived oxyanion by hydrogen bonding, these three amino acids were mutated by site-directed mutagenesis to Gly80Glu, Gly81Glu, and Ala152Phe, respectively. The result obtained from the activity measurements of these mutant carboxylesterases is shown in [Table 1](#T001){ref-type="table"}. Compared to the control, the activities of the mutant enzymes showed less than 17%. These results indicate that all three amino acids make up the oxyanion hole and are necessary for the catalytic process of the enzyme. Hence, these amino acids are also conserved well in other esterases [@B007]-[@B011], [@B014], as shown in [Fig. 1](#F001){ref-type="fig"}.

![Amino acid sequence alignment of HSL-like carboxylesterase (Est) from *S. solfataricus* P1 (SsoP1),*S. solfataricus* P2 (SsoP2), *S. islandicus* (Sis), *S. shibatae* (Ssh), *S. tokodaii* (Sto), *P. calidifontis* (Pca), metagenomic library (Met), and *A. fulgidus* (Afu). Amino acid residues that consist of a catalytic triad and an oxyanion hole are indicated by diamonds and stars, respectively. The cysteine residues are indicated by arrows.](BMB-49-349-g001){#F001}

Identification of roles of cysteines in SsoP1Est
------------------------------------------------

To examine the roles of cysteine residues in SsoP1Est because the modification of cysteines by cysteine-specific reagents, HgCl~2~ and PCMB, significantly inactivated the enzyme in a previous study [@B014], each cysteine residue (Cys94, Cys101, Cys103, and Cys184) in the enzyme was mutated by site- directed mutagenesis to Cys94Ser, Cys101Ser, Cys103Ser, and Cys184Ser, respectively. As shown in [Table 1](#T001){ref-type="table"}, each mutation of these four cysteines in the enzyme led to remarkable inactivation of the enzyme, although the Cys101Ser mutant enzyme showed a little less inhibition (68%) than the other mutants \> 82%) as compared to the control. The result that the substitution of each cysteine residue with serine residue greatly decreases the catalytic activity of the enzyme indicates that these cysteine residues may be present at and/or near the active site of the enzyme or that the substitution of cysteines with serines might induce the conformational change in the active site of the enzyme due to the difference in polarity between cysteine and serine.

Amino acid sequence comparison
------------------------------

To elucidate the above inhibitory results of the replacement of cysteines by serines, we compared the amino acid sequence of the SsoP1Est with those of other known archaeal esterases in the database. As shown in [Fig. 1](#F001){ref-type="fig"}, the amino acid sequence of the SsoP1Est showed high identities with those of other known esterases from the same *Sulfolobus* genus: The esterase from *S. acidocaldarius* (SacEst) with 99% identity was the most similar, and the next were those from *S. solfataricus* P2 (SsoP2Est, 77%), *S. shibatae* (SshEst, 77%), *S. islandicus* (SisEst, 77%), *S. solfataricus* P1 (DSM 5354; 75%), and *S. tokodaii* (StoEst, 70%), but it showed low identities with those of other archaeal esterases from *P. calidifontis* (PcaEst, 46%), the metagenomic library (MetEst, 43%), and *A. fulgidus* (AfuEst, 34%). In particular, three cysteines (Cys94, Cys101, and Cys103) of the four cysteines in the SsoP1Est were conserved in esterases from this same *Sulfolobus* genus. On the contrary, only one cysteine (Cys94) was conserved in all other archaeal esterases ([Fig. 1](#F001){ref-type="fig"}) and in all esterases belonging to the HSL-family. This result that more cysteines were conserved in esterases from the *Sulfolobus* seems to be related to the surrounding condition of the *Sulfolobus* genus dwelling in sulfur-rich hot springs. In addition, the substitution of the Cys94 by serine residue could be assumed to significantly affect the catalytic activity of the enzyme due to the 88.1% inhibition as compared to the native enzyme ([Table 1](#T001){ref-type="table"}). Although it is difficult to explain the exact reason for this inhibition, the higher polarity of the serine residue than the cysteine residue seems to induce the conformational change of the active site in the enzyme because of the easy formation of a hydrogen bond with surrounding residues ([Fig. 2](#F002){ref-type="fig"}B). The inhibition by the mutation of Cys101Ser or Cys103Ser can also be explained by the same reason and by the disruption of the disulfide bond between them, as described previously. However, it remains in question, because these two cysteine residues may not be critical for the catalysis of the enzyme, seeing that AfuEst and MetEst have all serine residues instead of these two cysteine residues in all other esterases from the *Sulfolobus* genus, including SsoP1Est ([Fig. 1](#F001){ref-type="fig"}).

![(A) Homology model of SsoP1Est. Amino acids consisting of the catalytic triad and oxyanion hole are exhibited. (i) The ribbon structure of SsoP1Est (light gray) superimposed onto StoEst (gray) used as a template, and (ii) the ribbon structure of SsoP1Est including four cysteine residues. (B) The cysteine residues on the surface of SsoP1Est using "hydrophobicity surface" program. (i) Cys101 (green) and Cys103 (blue), (ii) Cys184 (green) with Ser151 (red) and His 274 (blue) consisting of a catalytic triad appeared inside the substrate entrance/product exit tunnel. (C) Emission spectrum from steady-state tryptophan fluorescence of normal SsoP1Est and mutant esterases. Normal esterase (●), mutant esterases: Cys94Ser (■), Cys101Ser (▲), Cys103Ser (▬), and Cys194Ser (◆). Protein concentrations were 0.1 mg/ml.](BMB-49-349-g002){#F002}

Homology model of SsoP1Est
--------------------------

The confidence score of the three-dimensional (3D) models generated by the I-TASSER Server from multiple threading alignments and iterative assembly simulations was 1.56, meaning high reliability among the values from −5 to 2. As a result, the I-TASSER Server finally presented ten crystal structures on the basis of the Protein Data Bank (PDB) databases reported previously: AfuEst (PDB code: 1jji), *Bacillus subtilis* Brefeldin A esterase (1jkm), *Rhodococcus* sp. heroin esterase (1lzl), *Alicyclobacillus acidocaldarius* esterase (1qz3), MetEst (2c7b), StoEst (3aik), *Mycobacterium marinum* esterase (3qh4), PcaEst (3zwq), bacterial HSL from a metagenomic library (4j7a), and *E. coli* acyl esterase (4krx). In addition, it indicated as a result that the predicted function of the enzyme is a carboxylesterase (EC 3.1.1.1).

Four structures of these ten crystal structures are those of archaeal esterases---1jji [@B008], 2c7b [@B009], 3aik [@B011], and 3zwq [@B010]. Among these four crystal structures, the StoEst (3aik) was selected and used as a template of homology modeling for SsoP1Est. This was because the StoEst is classified into the same Sulfolobus genus and the same HSL family, and it shows the highest sequence identity (68%) with the SsoP1Est ([Fig. 1](#F001){ref-type="fig"}). Based on the best template, StoEst (3aik), the expected structural model of SsoP1Est was created by homology modeling as the superimposed ribbon structure onto it using the UCSF Chimera 1.9 program, as shown in [Fig. 2](#F002){ref-type="fig"}A(i). The locations of Ser151, Asp244, and His274 consisting of the catalytic triad and Gly80, Gly81, and Ala152 forming the oxyanion hole in the SsoP1Est were identified ([Fig. 2](#F002){ref-type="fig"}A(i) and (ii)). In addition, the positions of the four cysteine residues (Cys94, Cys101, Cys103 and Cys184) in SsoP1Est were also exhibited ([Fig. 2](#F002){ref-type="fig"}A(ii)). Particularly, the Cys184 existing only in the SsoP1Est seemed to be located at the surface/outside of the enzyme far away from the other three cysteine residues.

To determine why each mutation of Cys94Ser, Cys101Ser, Cy103Ser, and Cys184Ser inactivated the enzyme, their locations were examined with the colored substitutes of these cysteine residues using the "hydrophobicity surface" program in the UCSF Chimera 1.9 program. As shown in [Fig. 2](#F002){ref-type="fig"}B(i) and (ii), Cys101, Cys103, and Cys184 were observed at the surface of the enzyme, but Cys94 was not. Therefore, Cys94 is located inside the enzyme and seems to be located at or near the active site of the enzyme of which the conformational change can be induced, because the Cys94Ser substitution inactivated the enzyme. Otherwise, this inactivation might be deduced by the enhanced polarity of Ser causing a conformational change around the Cys residue that propagates through the backbone to the active site. On the other hand, Cys101 and Cys103 are located at the surface of the enzyme ([Fig. 2](#F002){ref-type="fig"}B(i)), and the inactivation by the Cys101Ser or Cys103Ser substitution seems to be due to the conformational change inside the active site of the enzyme by the enhanced polarity of Ser or by the disruption of the possible disulfide bridge formed between them, although there is no specific reported evidence for the disulfide bridge between them. Conversely, Cys184 is also observed on the surface of the enzyme ([Fig. 2](#F002){ref-type="fig"}B(ii)), but the reason the Cys184Ser replacement inactivated the enzyme seems to be a little different from the other cysteines. This is because the Cys184 is located at the entrance/exit of the tunnel for the contact of the substrate to the active site or for the release of the products from the active site and because the amino acids, Ser151 and His274, composing the catalytic triad of the enzyme can be seen very well through the hole together with the Cys184 located at the entrance/exit.

Hence, the modification of Cys184 by Cys-specific inhibitors, HgCl~2~ and PCMB, and the mutation of Cys184Ser could significantly affect the catalytic activity of the enzyme. This is because these chemical modifications can increase the steric hindrance for the entrance/exit of substrate/products from the active site and because the Cys184Ser substitution can induce the conformational change of the active site due to the higher polarity of the serine, respectively. The location of Cys184 was analyzed using the "hydrophobicity surface" program and described based on the models of the hypothetical substrate entrance/product exit tunnel in the 3D crystal structures of StoEst [@B011] and PcaEst [@B010] previously reported. However, the cysteine residue, Cys184, in the SsoP1Est is not conserved at the same position in these two esterases ([Fig. 1](#F001){ref-type="fig"}). In addition, the result ([Table 1](#T001){ref-type="table"}) that the mutation of Cys184Ser inactivated the SsoP1Est was similar to the results that Cys123Ser dienelactone hydrolase (the active site, Cys123) from *Pseudomonas knackmussii* showed approximately 10-15% of wild-type activity and a 60-fold decreased *K*~m~ for PNP-acetate [@B017], that Cys151Ser dienelactone hydrolase (the active site, Cys151) from *S. solfataricus* P1 showed little activity as compared to wild-type toward the substrate, PNP-caprylate [@B018], and that each replacement of all three cysteine residues with serine residue in arylesterase from *S. solfataricus* P1 inhibited 70-96% of wild-type activity [@B016]. The dienelactone hydrolase enzyme belongs to the same α/β hydrolase superfamily as serine esterases.

Fluorescence analysis
---------------------

To understand the result that each mutation of Cys94Ser, Cys101Ser, Cys103Ser, and Cys184Ser inactivated the enzyme significantly ([Table 1](#T001){ref-type="table"}), any conformational changes by these mutations were examined by a fluorescence study using two tryptophan residues that existed in the enzyme. As shown in [Fig. 2](#F002){ref-type="fig"}C, each substitution of the four cysteine residues resulted in a red shift of the intrinsic tryptophan fluorescence spectrum. This indicates that at least part of the Trp residues became more exposed to a hydrophilic environment due to the conformational change caused by the Cys substitution. It is not easy, however, to explain how such a conformational change leads to the inactivation of the enzyme unless their 3D structures are determined.

MATERIALS AND METHODS
=====================

Strains, plasmids, and growth conditions
----------------------------------------

XL1-Blue supercompetent cells and *E. coli* DH5α ultracompetent cells were used as host cells for mutant plasmids containing the mutated SsoP1Est genes produced by polymerase chain reaction (PCR), whereas *E. coli* BL21 (DE3) cells harboring all the recombinant plasmids including the mutant plasmids were used for gene expressions. The vector utilized for expression was pET-11d (Novagen). These *E. coli* DH5α and *E. coli* BL21 (DE3) cells were routinely grown at 37℃ in Luria-Bertani (LB) medium with ampicillin (100 μg/ml).

Construction of recombinant plasmid DNAs containing mutant SsoP1Est genes
-------------------------------------------------------------------------

Standard molecular cloning techniques were employed throughout [@B019], [@B020]. The transformed *E. coli* BL21 (DE3) cells harboring the recombinant DNA plasmid (pSsoP1Est), which the SsoP1Est gene was incorporated into the BamHI site of the expression vector, pET-11d, were made in a previous study [@B014]. The constructed pSsoP1Est containing the SsoP1Est gene obtained from these transformed cells was used as the template for the mutations (Ser151Ala, Asp244Asn, and His274Asn) of the expected catalytic triad (Ser151, Asp244, and His274), for the mutations (Gly80Glu, Gly81Glu, and Ala152Phe) of the expected oxyanion hole (Gly80, Gly81, and Ala152), and for the mutations (Cys94Ser, Cys101Ser, Cys103Ser, and Cys184Ser) of the expected cysteine residues (Cys94, Cys101, Cys103, and Cys184), which might be related respectively to the catalytic process of the SsoP1Est as described in a previous paper [@B014], in the SsoP1Est gene by site-directed mutagenesis. As shown in Table S1 in Supplemental data, mutagenic oligonucleotide primers were designed, and PCR based on the QuikChange II site-directed mutagenesis kit (Stratagene Co.) for the construction of SsoP1Est mutant plasmids was carried out using pSsoP1Est as the template DNA and forward- and reverse-primers with lengths of 25 to 42 bases mutated at the desired sites in the SsoP1Est gene, according to the guidelines and protocol recommended by the manufacturer. The PCR conditions were as follows: 1 cycle of 30 s at 95℃ followed by 18 cycles of 30 s at 95℃, 1 min at 55℃, and 7 min at 68℃. The products were treated with 1 μl of DpnI (10 U/μl) at 37℃ for 1 h to digest the template DNA, the PCR products were transformed into XL1-Blue supercompetent cells for nick repair, and then the mutated cells were screened on LB-ampicillin agar plates containing 80 μg/ml 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) and 20 mM isopropyl-L-D-thiogalactoside (IPTG). The mutant plasmids obtained from these cells were sequenced to confirm the presence of the correct mutations.

Overexpression and purification of mutant enzymes
-------------------------------------------------

The mutant plasmids were transformed into *E. coli* BL21 (DE3) competent cells for overexpression and cultivated in 1 liter of LB medium supplemented with ampicillin (100 μg/ml) at 37℃. Transformed cells containing the expression vector plasmid, pET-11d, and the native recombinant plasmid, pSsoEst, were used as controls. When the optical density of cultured cells reached 0.5 at 600 nm, 1 mM IPTG was added to induce gene expression. After an additional 5-h cultivation, the overexpressed mutant enzymes from the cultivated transformed cells were purified using twice-heating of cell extracts and Butyl-Sepharose column as described in the purification of the native enzyme in previous study [@B014]. The identification of the mutant enzymes during the purification procedure was performed by a molecular size comparison with the native one on an SDS-PAGE gel.

Enzyme assay and activity staining
----------------------------------

The native and mutant enzyme assay was performed with an artificial chromogenic substrate, *p*-nitrophenyl (PNP) caprylate (C~8~), as described in previous study (14). The enzyme reaction at 60℃ was started by the addition of the purified native recombinant or mutant carboxylesterase enzyme (12 μg/ml). Measurements were carried out at least three times. Standard deviations never exceeded 10% of the mean values.

Two different activity staining methods carried out on tributyrin-emulsified agar plates and on a gel with α-naphthyl acetate (α-NA) after SDS-PAGE were employed for tracing carboxylesterase activity during the purification procedure as described previously [@B014].

Determination of molecular mass of native recombinant SsoP1Est and mutant enzymes
---------------------------------------------------------------------------------

The molecular weight of the purified native recombinant or mutant carboxylesterase was determined on 12.5% (w/v) SDS-polyacrylamide gel using low-molecular-weight standards. Gels were stained with silver [@B021].

Homology modeling of native recombinant SsoP1Est
------------------------------------------------

To construct a structural model of the native recombinant SsoP1Est, the I-TASSER protocol [@B022], [@B023] was used. By repeating these procedures several times with the I-TASSER Server, several models were constructed. The structural models with the highest confidence score of these models was selected to compare with that of SsoP1Est. The UCSF Chimera 1.9 program was employed for molecular visualization and analysis.

Fluorescence spectroscopy
-------------------------

Emission spectra of normal esterase (SsoP1Est) and Ser-mutant esterases (Cys94Ser, Cys101Ser, Cys103Ser, and Cys184Ser) were obtained with a PerkinElmer LS-55 fluorescence spectrometer at a protein concentration of 0.1 mg/ml in 10 mM sodium phosphate buffer, pH 7.0. The excitation was set at 298 nm in order to exclude the tyrosine contribution to the overall fluorescence emission, and the emission was recorded from 300 nm to 400 nm. The data were transferred to an ASCII file, and the emission spectra were recorded using FL Win Lab software installed in the PerkinElmer fluorescence spectrometer.
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